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OBJECTIVE

Study and contribute to the advancement of integrated optical circuits (10Cs) and
fiber optics and their application in communication systems. Emphasize applications in
Navy and other DoD programs in aircraft, shipboard, and other systems.

Contribute to and evaluate the state of the art in material and device techniques for
the fabrication of 10C devices such as couplers, switclhes, and modulators. Determine the
feasibility of employing fiber optics and 10C technology in military applications such as
high-capacity (multi-GHz) telecommunications and secure (nonradiating and radiation
resistant) communication systems.

RESULTS

1. Single and multimode optical fibers of specialized shapes for optical integrated
circuit interface applications have been successfully drawn.

2. Horn-shaped structures, for efficient coupling of light between fibers arnd optical
integrated circuits, have been analyzed and samples fabricated.

3. The mathematical theory of periodically distributed perturbations or optical
waveguides has been developed and applied to distributed feedback lasers, couplers, and
mode converters.

4. The power requirements for the fabrication of channel optical waveguides in
glass by cw laser heating have been characterized experimentally.

RECOMMENDATIONS

l. Develop masking and photolithography for the fabrication of single-mode chan-
nel optical waveguides.

2. Develop low-loss single-mode glass fibers, 1-3 km in length.
3. Develop optical interconnections between waveguides, fibers, and lasers.

4. Develop optical integrated circuit elements such as waveguide couplers and
electrooptic modulators.

5. Provide continued support to the development of continuous room temperature
laser diodes.

6. Develop electronic drivers for electrooptic switches, modulators, and detector
amplifiers.

7. Assemble an 107 breadboard demonstration system incorporating the low-loss
fibers, laser diodes, and integrated optical circuits developed in this program.

ADMINISTRATIVE INFORMATION

The work reported here was sponsored by the Advanced Research Projects Agency,
Material Sciences, Arlington, Virginia, under ARPA Order 2158, Amendment |: Program
Code 3010: Contract F215.01; Element 61101E (NELC F215). Work was performed from
1 October to 30 December 1973. Principal investigator was D. J. Albares of NELC Electro-
Optics Technology Division (Code 2500); associate investigators were W. M. Caton, D. B.
Hall, W. E. Martin, T. G. Pavlopoulos, and H. F. Taylor of Code 2500, H. H. Wieder of




Electronic Materials Science Division (Code 2600), J. H. Harris of the University of Washing-
ton, C. Yeh of the University of California at Los Argeles, and R. B. Wilson of the Hughes
Research Laboratories, Malibu, California. This report was authored by Caton and was
approved for publication 17 September 1974.
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INTRODUCTION

The fabrication of mimature solid-state opiical components and thin-film waveguides
to interconnect them on semiv>nductor or dielectric substrates is becoming feasible with tne
advancement of such disciplines as the materials sciences, quantum electronics, and guided-
wave optics. Integrated optical components — sources, detectors, modulators, and various
coupling elements — on one or more tiny substrates w Il comprise systems much smaller in
size nd weight than optical systems employing discrete components. The new systems will
be nuch less susceptible to environmental hazards, such as mechanical vibrations, extremes
in temperature, and clectromagnetic fluctuations. because of their small size and high pack-
aging density. In addition, wideband active components, such as waveguide electrooptic
modulators, will be able to operate at very low power levels because of the small dimensions
involved.

Integrated optics will perform a number of functions in the area of optical commu-
nications. They include rapid modulation and switching by guided-wave elements using
applied fields to generate small electrooptic or magnetooptic index changes, coupling, filter-
ing of signals, light detection by p-n junctions or other structures in thin films, and light
generation by thin-film laser elements.

Guided-wave optical components have found an important potential use in the area
of optical communications because of the recent progress in the fabrication of single-mode
fiber-optic waveguides with very low losses. Fiber-optic waveguides with losses as low as
4 dB/km at 0.85-um and 1.06-um wavelengths (for GaAs and Nd-YAG lasers, respectively)
and with single-mode fibers having anticipated bandwidths as high as 10 GHz for a 1-km
length immensely widen the horizon of optical communications. However, devices must be
developed to couple energy efficiently with the fibers and to process the optical information
efficiently at rates approaching the bandwidth capacity of the fibers.

Another promising area is in fast, high-capacity, high-density multiport switches for
interconnecting networks.

Fiber-optic waveguide systems offer significant advantages for military information
transfer, both immediately, with discrete components and multimode fibers, and in the
future, with single-mode fibers and integrated optical elements. These advantages include
freedom from electromagnetic interference (EMI), elimination of grounding problems, and
increased security (no signal leakage), as well as the potential for large savings in size, weight,
power consumption, and cost. In addition to high-capacity point-to-point communications,
a major interest in integrated optics from a military standpoint is the potential for imple-
menting a fiber-optic-transmission-line, multi-terminal (data bus) multiplexing system
through low-loss coupling and modulation elements. This will provide isolated-terminal,
redundant information transfer, thus facilitating the truly modular (including distributed
computer) command control and communications system.

The objective of the program reported here is to advance the material and device
physics of integrated optics for military applicatinns, to establish in concert with other Navy
and DoD programs a continuing assessment of systen: requirements and cost benefits for
R&D investments in each application area, and to produce prototype optical elements and
subsystems that are aimed at satisfying these requirecments. The work on the program that
was performed at Naval Electronics Laboratory Center (NELC) and on contracts adminis-
tered by NELC was in the areas of integrated-optical-circuit (10C) applications assessment,
materials for 10C devices and substrates, pattern fabrication, theoretical analysis, compo-
nents, and system concepts.

> Preceding page blank




Experimentally, effort continued to be centered on the fabrication of 10 compo-
nents, such as optical waveguides and waveguide modulators. The reason for this concen-
trated effort in novel fabrication methods for optical waveguides and derived structures is
that the employment of 10Cs will be of practical interest only after inexpensive fabrication
techniques have been developed.

I. THEORETICAL ANALYSIS OF DISTRIBUTION NETWORKS AND
ELECTRICALLY CONTROLLABLE COUPLERS FOR INTEGRATED OPTICS

Thin-film and channel-waveguide optical couplers will be important integrated optics
components. Applications cf these couplers in optical networks, modulators, and
multiple xers/demultiplexers would be drastically increased if the coupling were dynamically
controllable by an electric signal. Electrooptic substrates can be used to control the cou-
pling coefficient between two waveguides, but such a scheme would be inefficient because
of the upper limitation on the change of the refractive index of existing materials that could
be achieved with a reasonable voltage. A study of the power distributions (in a network of
N parallel guides) as a function of the distance from the input plane has shown that electri-
cally controllab!e couplers are feasible.

SYMMETR.(C AND NONSYMMETRIC OPTICAL NETWORKS

T et us consider N identical optical waveguides with K being the coupling coefficient
between two neighboring guides. The field E, in the nth guide is determined by the system
of equations:

dE,

= - iKEpy) -iKEy) for 2<n < N-1

d—zl=-iKE2

dEy
dz ='IKEN__l

where we have neglected the direct coupling between nonneighboring guides. If the input
light is fed into the mth guide, then the normalized initial condition is:

] for n = m
Eq(0) =
Ofor n #m

The above system of equations can be written in matrix form as follows:

d
ak-M

E(0)
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where £ = Kz and
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1
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0 1 0....0
1 0 1,,..0
M=-ilo 1 0. o
e =,
0 .1 -0

Equation (1.1) can be solved by determining the eigenvalues and eigenvectors of the matrix
M. For N = oo, the solution of equation (1.1) are the well known Bessel functions:

Ey = (inmly ep

For N finite, the solution can be determined in a straightforward manner with a digital com-
puter. In figure 1.1 we present the power P,, = E E* for a number of configurations
(N=2, 3, and 5) with different input conditions. These various configurations can be used to
perform a number of functions in optical networks. Some of the possible applications are
shown in figure 1.2 and discussed below.

Figure 1.2(a) shows an energy transfer function configuration. Complete transfer
occurs if the coupling length is an odd integer of #/2K (see fig 1.1(b)). Figure 1.2(b) shows
an energy divider configuration. The input energy is equally and completely divided be-
tween the two outputs if the coupling length is 7/2K /2 (see fig 1.1(c)). An elementary
logic system isshown in figure 1.2(c). The two inputs A and B are in phase, and the output is
given by the truth table. Figures 1.2(d) and 1.2(c) correspond to energy transfer from two
inputs to two outputs, where the useful information is the amplitude or the frequency of
the signal (assuming that the two frequencies w1 and w2 are not very different so that K is
approximately the same for both). Figures 1.2(f) and 1.2(g) represent a possible configura-
tion for an electrically controllable coupler or switch which is discussed in the next section.
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Figure 1.1. Power distribution in coupled optical networks, Py, is the power in the nth guide
as a function of the propagation distance z. K is the coupling constant between neighboring
guides. Nonneighboring guides are assumed to be uncoupled. For the case where there is
more than one input, these inputs are assumed to be in phase.
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ELECTRICALLY CONTROLLABLE COUPLER

The basic configuration for an electrically controllable coupler (ECC) is shown in
figures }.2(f) and 1.2(h). The two permanent channel guides are imbedded at the surface
of an electrooptic substrate. They can be formed by proton bombardment, ion implanta-
tion, diffusion, or other techniques. The two guides are so located that the direct coupling
is very weak. In the region between the two guides, a third channel of finite length is
dynamicaliy generated by applying a voltage to the two electrodes shown in the figure.
The resulting electric field generates a local change in the refractive index. This control-
lable channel plays the role of a bridge between the two permanent guides. The electrodes
should be located so that the cross section of the dynamic guide is similar to the cross
section of the two permanent guides.




The power distribution as a function of the propagation distance in a three-guide
system, where the energy is fed in the first guide, is shown in figure 1.1(d) and is given by
(from equation 1.1):

Py (2) = ;—[cos(K\/iz)+ l]2 ,

Py@ = 3 sin(KvVI2)?
and
Py = 7 loosKVID)- 112

where we assume that the direct coupling coefficient K’ between the iwo permanent guides
is << K. Complete energy transfer between the two permanent guides occurs if the control-

lable channel has a length L = 7/KV2.
In the absence of the bridge channel, the power distribution in the two permanent

guides is:

P} (2) cos= (K'z)

and

sin (K'z)

P} (2)
and the energy transferred over the length L is

7 K'
AP = sin2 [ —17) -
(x/i")

Therefore. the dynamic efficiency of the coupler can be defined as:
KI
n=1-AP = c052<-\/£_2'?)
The analytic expression of the couphag coefficients was derived by Marcatilli* as:

2526 exp [-6(D-a)]
SZ + 62 Ka

K =

and

2528 exp [-8(2D-a)]
52 + 62 Ka

K' =

where “*a” is the width of each channel, D is the distance between the center lines, K and s
are respectively the propagation constants along, and perpendicular to, the propagation

*Marcatilli, E. A. J., “Dielectric Rectangular Waveguide and Directional Coupler for Integrated Optics.”
Bell Sys. Tech. J., v 48, p 2071-2102, September 1969.
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direction in the coupler plane, and & is the exponential fall off between the guides. The
above expressions were derived from well-confined modes, but they may be used as a good
approximation in the general use. Using the above expressions of K and K’ we can express
L and n as:

9 )
mos* &
L 3 WKJ exp [6(D-a)]
and
B pa
n = cos [\/5 exp (—45D)] .

We carried out a numerical study of the simplified coupler scheme shown in tigure 1.3(a),
where the guides are thin-film layers. 7| is the index of refraction of the substrate and vis
the percentage increase generated when a voltage is applied. 7 is also taken as the percentage
index increase in the permanent guides. In figure 1.4 n and L/ are plotted as a function of
a/A for a fixed value of D/a, where X is the optical wavelength in vacuum. It is clear that
high efficiency (7 2 90%) is possible at high frequencies, and larger values of 7} or v lead to
a wider region of high efficiency. On the other hand, the value of L/ increases with a/\.

To illustrate, let us choose N1 =3.5,7=0.001,and A= 1.15u. For an efficiency of 90%,
then,

a=23u,D = 345pand L = 304u .
An efficiency of 99% can be achieved if
a=23u,D=S5luandL = 920u .

For shorter wavelengths, the above numbers are proportionally smaller. In figure 1.3(b)
another scheme for an electrically controllable coupler is shown.

t1
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Figure 1.3, (a) Simphfied ECUC for thin-film guides. v is the percentage
change of the index of refractioz in the permanent guides. 7y 1s also
taken as the percentage change due to the electrooptic effect.

(b) Another possible configuration for an ECC.
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CONCLUSION

The above results show that some simple structures can be used to achieve efficient
dynamic switching over relatively short distances. The dynamic coupler may play a central
role in complex optical networks and multiplexers/demultiplexers. A scheme for a four-
channel multiplexer/demultiplexer is shown in figure 1.5.
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e - e — — -4
1234
UL ~» MAIN CHANNEL
P S a—
| S . ]
3 4
Jue 3
C — —Tl
R e =S
[ ———
4
[ __ R —Ju
— L — L——3

Eigure 1.5. Possible configuration for a four-channel optical demultiplexer.
The dashed guides arc electrically controllable.




2. THEORETICAL INVESTIGATION OF MODE CONVERSION IN
PERIODICALLY DISTURBED THIN-FILM WAVEGUIDES

Periodic structures have a wide range of application in active and passive optical thin-
film structures. Their stop-band, pass-band characteristic can be used for disturbed feedback,
filtering, and coupling. Their space-harmonic characteristic can be mainly used for phase-
matched nonlinear interactions and for coupling to drifting electrons in a thin-film
semicond uctor.

The case of coupling between nonidentical modes has been analyzed for the effi-
ciency of the mode conversion and its use for mode generation, filtering, and distributed
feedback. This analysis is applicable to higher-order mode feedback in a DFB (distributed
feedback) laser operating on a lower forward mode. Such a scheme is sometimes more effi-
cient than when the feedback and direct waves are in the same mode.

The three important types of periodic structures analyzed are periodically inhomo-
geneous thin-film guides, periodically inhomogeneous substrate guides, and thin-film wave-
guides with periodic surfaces. All these structures are technologically feasible.

WAVE SOLUTION AND BRILLOUIN DIAGRAM

Electromagnetic waves can be guided in a structure which consists of a thin-film
dielectric of relative permittivity €| imbedded in a medium of relative permittivity €7 <e|.
For 4 transverse electric guided wave the field expression is

E = gy Cu(xyexp (ik 2) (2.1(a))
cos (sx)/cos (sL) (even modes, |x| < L)

o) & sin (sx)/sin (sL) (odd modes, |x| <L) (2.1(b))
exp (6L - 8}x]) (even modes, |x| = L)

sign (x) exp (6L - 8|x|) (odd modes, |x| = L)

where 2L is the waveguide thickness, C is the field at the boundary, and s, 8, and k are the
components of the wave vector. These wave vectors are related to the frequency w/2m by
the dispersion relations

k2+s2 = e k? (2.2(2))
k2- 82 = e5k? | (2.2(b))
and
tansL (even modes)
8§ =5 , (2.2(¢y
- cotansL (odd modes)

where k = w/c. The above relations have multiple solutions which correspond to the differ-
ent modes.

If the optical guide is periodic, the ficld consists of an infinite number of space
harmonics of longitudinal wave vectors

Kon = np+nK , (2.3)
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where p is the mode index, n is the space-harmonic index, K = 27/ A where A is the pertur-
bation period. and Ky, is to be determined. The corresponding Brillouin diagram consists ot
an infinite number of *‘subdiagrams.” each identical to the diagram of a homogencous thin-
film waveguide. Strong phase-matched coupling occurs at the intersection poirts between
different harmonics, leading to reflection or mode conversion. Two types of coupling could
oceur’

1. Codirectional, in which the group velocities of the two coupled harmonics are
parallel (fig 2.3(a)). In this case the energy is transferred back and torth between the two
harmonics.

2. Contradirectional, in which the group velocities are antiparaliel (fig 2.3(b)). In
this case. there is a one way energy transter.

MODE CONVERSION IN A PERIODICALLY INHOMOGENEOUS GUIDE

Consider the case of a periodicaily inhomogencous guide imbedded in a homogenc-
ous substrate, where

€ylz) = €l + 7 cosK 7) with <1 (2.H

and

€~ = constant
Without any loss of gencrality, we consider the interaction between the n = 0 space harmonic
of the pth mode and the neighboring n = *1 space harmonics of the q‘h mode. The phase-
matching condition is

Kpt'(q =K. (2.5

The + and - signs correspond, respectively. to the contradirection.t and codirectional inter-
actions. Let wpg be the frequency at which this condition is satisti_d. For n small, all the
other space harmonics can be neglected.

To understand and tormulate the co phing mechanism. let us consider the p“‘
wave of frequency w = wyg + Aw. The cor.esponding eleetric Field can be written as

mode

oo = Cpo Upo! XD exXp (i Ky (2.0)

where K'p =Kpt Ax.and “'po (x) is given by equation (2. Hb) with' s and 8 replaced by
Sp=spt Asp. and 8}, = 6, + A, respectively, The terms kp. sp. and 8, correspond to the
homogencous guide, and Ak, A\p. and ASP are small perturbations caused by the inhomo-
geneity. Due to the presence of the periodic component in the diclectric constant (2.3),
spatially periodic convection current 3 is generated:

J

¢

- iwn €€y vos (K2 l:'l‘”

. f()cl(. ' T i
TN T po Upo (N Ny fexpi K|

8 K'n+cxpi(x'p-K)/| . (2.7)

where hix) = 1 or x| < Land hx) =0 for |x] > L. This current will excite the two neigh-
boring space harmonics. Letus consider the case of contradirectional tongitudinal phase

16




matching. Then a backward q‘h mode wave liq‘_l will be exened. However, to determine
the effective excitation current for the new Q¢ mode, the current J . has to be expanded as

a function of the transverse modes:

‘ = b ' . 0
upo(x) h(x) = z i uj(x) .
)

(2.8)

and only the term 3'pj has to be taken into account. This corresponds to transverse phase

matching. The expansion coefficients a’; are given by
P

+o00 400
* %
uj(x)uj (x)dx / uj(x)uj(x)dx
=00

-00

+o00 +L
/ u;)(x) h(x) uj*(x) dx / u'p(x) uj*(x) dx
" i = -L
dpj

Now the corresponding wave equation is

AL w? €| : i
[a_,(:+£;5- +e| ? Lq‘_| = -nT?CPO apq uq(x)c

for x| <L, and for x| > L we replace €) by ¢, in the parentheses.
expression similar to equation (2.6), we get

9

9 9 w* o ’
[(sq+Asq) +(xq+Ax) -€) c_z](q’-l uq(x)

w i, + k. -K)z

= 7 m . TP tq
n 3 (,'lm.npluq(x)c
for |x| < L and

[—(6q + Aaq):2 +(Kq + AK)2 —62 —1](‘(“_] u&(x)

¢

i(x;,+ Kél -K)

(xp-n)z

! 4

(2.10)

Replacing Eq‘_| by an

for [x| > L. Using the dispersion relation rr the unperturbed case (2.2), neglecting second-
order terms (small term x uj; = small term x dq). and expressing Asg and A6q as functions
of qu and Aw by differentiating equations (2(a)-2(c)). equations (2.12) and (2.13) reduce

4
R AR 0 C
= n T (—‘K—q Jpq p‘O )




where, for the even modes:

) .9 4
5 x Wpq ) 6qL+ sin (sgL_)+€ cos (sgL)
q oK ! SqL+ 1 2 SqL +!

q
and
/ L ! . 28q cos?'(sqL) g
Pq 65.+6 )(1+48,.L)
pq T ° _;l;+oo—_ S > )
. 8pL+ sin"(spL)
[w Ugllq T 5pl_ P=q

For the odd modes. the sines and cosines must be exchanged.
At the same time, the qlh mode generates a convection current which excites the

pth mode: therefore. the coefficients Cy -y and Cp g are also related by

Ak Aw . Yl Yw 2
[--E‘:i' BP —(—‘)—] CP.O = n"s (:K_‘;) “qp(‘q.-l B (2‘4)

where B, and ap are equivalent to Bq and apq with p and q interchanged. Thus, to satisfy
equations (2.1-4) and (2.15), we must have

= - 2vi_opna2 "
X = (a, aq)Yi\/(ap+aq) Y2-nhyZ, (2.15)
where
xt = AKD/K LXT 7 Akg/K Y = Awlwpg
IKiI
o =-2—K-Bi with i = p.q
€ 2 u, i
Y -1 [patap
Tpa~ 3\ ¢) K lxp qu ’
and
Kq = - kgl

The term X corresponds to the normalized change of the longitudinal wave vector when the
operating frequency is equal to wpq ( } +Y). The characteristic of the above solution is that
the longitudinal wave vector is complex in a frequency band (called stop band) centered at
and of total width

Q =2y Wnq 7p(}/(°‘p+ aq) .

and the imaginary component of the wave vector has a maximum equal to

“pq
(2.16)

M= nKypq (2.1




The corresponding Brillouin diagram is shown in figure 2.1(b). In figures 2.2 and 2.3 we
plotted the two parameters £/wp, and 1/MX as a function of L/X for mode conversion (or
mode coupling) from the forward basic mode to the backward basic and second even (p=2)
modes. X is the wavelength in vacuum.

As would be expected from physical reasoning, the value of 1/MA (attenuation or
coupling length) is l1rge near cut-off because most of the energy is in the substrate where no
coupling occurs. As the frequency increases, more optical energy is enclosed into the peri-
odic guide leading to stronger coupling (1/MX smaller). This trend continues for the 0-0
mcdes coupling. However, for the 0-2 modes coupling, after a certain optimal frequency,
I/MX starts increasing again because, at high frequencies, the overlap term dpq goes to zero,
leading to weaker coupling. The coupling bandwidth behaves in a reverse manner. It should
be pointed out that no coupling occurs between an even and an odd mode because a

i pq
vianishes.
In the case of codirectional interaction, the solution for X is
= _ 2v2,..2.2 5
X (ap+aq)Yt \/(ap aq) Y“+n Tpq (2.18)

and the corresponding diagram is shown in figure 2.3(a). In this case there is no stop band,
but the energy is transferred back and forth between the two modes. The characteristic
energy transfer length qu is given by

qu =n/2M ,

which can be determined from figures 2.2 and 2.3.

If only one boundary is perturbed, then the above results are still valid with n
replaced by n/2. However, in this case, even-odd coupling can also occur.
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Frgure 2. 1. Interaction regions between two space Iarmonies:
(a) codirectional interaction; (b) contradirectional symmeiric
and nonsymmelric interaction.
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MODE CONVERSION IN A HOMOGENEQUS WAVEGUIDE WITH A PERIODIC i
SUBSTRATE !

The same method used zbove can also be applied to the case in which the waveguide
is homogeneous and the substrate has a periodic dielectric constant. In this case, the source
convection current is in the substrate, and equations (2.16) and (2.19) are valid with Tpq
replaced by

€ 2 b, b
; g =_3(2) L, [2pa’qp S5}
4 ¢, K IKp qu
where
-L +o0
/ u u*J/ u
C u C
S LA L L i l_-, 26q cosz(sqL)
Pq +oo (6,+8,)(1+5,1)
. pi*Og) (18,
Uqlq
We cemark that for p # q:
€5
= — 79
Mg e,’Pq . (2.20)

This is an important result, because it means that for € very close to €, the coupling be-
tween different modes does not depend appreciably on the fact that the periodicity is in the
guide or the substrate. In figures 2.2 and 2.3 we plotted the corresponding vatues of /w
and 1/MX. For the 0-0 coupling, 1 /M increases with the frequency, because the energy
tends to concentrate into the guide leading to weak coupling. In the case of the 0-2 inter-
action, the coupling s nlso weak (1/MX large) near the mode 2 cut-off, because its energy

is very thinly spread into the substrate, and the overlap integral bpq with the 0 mode is very
small.

MODE CONVERSION IN A HOMOGENEOUS GUIDE WITH A PERIODIC BOUNDARY

The coupling strength and bandwidth have been determined by using an excitation
surface current to represent the surface perturbation.

Consider the pth mode wave of frequency w = wpg t Aw. From Maxwell's
equations

L s

The surface perturbation is equivalent to a surface current, J;. on a'straight boundary, which
is related to the fields by

/l_i =—ieoelw/ﬁ+st . (2.22)
4 $ $

A T — T | T S .
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Figure 2.4. A surface perturbation could be replaced by a surface current.
The above two equitions imply that
~
I, = -iggtey -e:)wj =
S S
Jar = -i€gley —€x)w Ax Az k|
x=1L
which gives the value of J (using Ax = L cos K2z)
1, = -icgnl o8 1K2) g P .23
¢ - ~l€gm (ei-ez)wm.\t Z) po © . (2.29)

This surface current could be phase-matched with the neighboring space harmonics. lror the
case of contradirectional phase matching (2.8). a backward ql ! mode is excited. The bound-
ary condition for this new mode is

Hx=LH-Hx =10 = 1 . (2.24)

where J gy is the component in phase with the generated wave. The above cquation gives

¢

€ -€+ [woa\
[ S l & [Kl <
Is:] tan (sqL) -6:‘| Cqmi =03 L( ) Cro (2.25)

for the even modes. For the odd modes. the tangent must be repiaced by minus cotangent.
At the same time, the g™ mode excites the pt mode, leading to a refation simifar to equa-
tion (2.25) (with p and q exchanged), which then implies that

€ -¢€ 2 fwo\
[] U [] U L X ] — i - : p(l
Isq tun.sqL-éql lsp tan.spL-ISpl = (n 3 L) ( C ) . (2.20)

This relation replaces the boundary condition (2.2(c) of the homogencous guide, and couples
the two modes through the perturbation ol the boundary. The other dispersion refations
(2.2¢a)) and 2.2(b)) are still valid.

Replacing ¢ &', and k' by their expressions and following the same method as pre-
viously. we Tind that equation ( 2.10) is still valid with Tpq replaced by

;e L [t -
Ty > \C/ KVikprgl - o
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where
5iL cos2 (5;L) _
R N V= B

For an odd mode, the cosine should be replaced by sine. This result is identical to the one
derived by using the exact Floquet solution,

In a symmetrically perturbed waveguide, only even-even and odd-odd couplings
oceur. Even-odd couplings occur in the antisymmetric case. If only one boundary is p¢ -
turbed, all types of coupling are possible.

In figures 2.2, 2.3, and 2.5 n/MX and Q/nwpq are plotted for the 0-0, 0-1, and 0-2
modes coupling. Near cut-off, where most of the energy is spread in the substrate., the cou-
pling is weak. The san. "=ppens at high frequency, when most of the energy is inside the
guide and the field is small at the boundary. The strongest coupling (and therefore feedback
or filtering) occurs at an optimum frequency somewhere in between.

CAMODE e

N1 =16

Np =15 P ™ =

0.03
A e,
MAO — 002 n wpq
0.01

08 1.2 16 20 24
2L/Ao

Figure 2.5. Normalized interaction length and bandwidth for the 0-1 modes
interaction in an antisymimetrically corrugated guide.




APPLICATIONS AND CONCLUSION

The results of this analysis can be applied to the design of integrated optic filters
and distributed feedback lasers. The terms n/My, and qu describe the coupling, filtering,
and feedback efficiencies. The coupling coefficient can be used to determine the gain
threshold of a thin-film distributed feedback laser. It is clear that for an optimum design,
the operating frequency has to be selected in a well specified region. It should be pointed

out that the product

Q 1 2
R SN (2.28)
(wpq)(M)\) A (ap + aq)

is the same for all three structures studied and depends only on the properties of the unper-
turbed guide and the operating frequency. This implies that if a structure is designed for a
large coupling coefficient, then its bandwidth will be very narrow and vice versa.

The above results can be easily generalized tv any type of periodicity which can be
expanded in a Fourier series if n is replaced by the coefficient of the Fourier component

used for phase matching.
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3. ELECTROMAGNETIC THEORY OF BOUNDED DFB LASERS

Great interest has recently been generated in the use of distributed feedback (DFB)
cavities in laser systems. Since the development of the first DFB laser in 1971 , most
investigations have been directed toward thin-film integrated optics sources. However, the
use of the DFB cavity in other types of lasers can have major advan tages because it would
eliminate the need for mirrors, which are one of the major problems in the design of high-
power lasers (because of mirror burning) and ultra-high-frequency lasers (because of mirror
low reflectivity).

In this analysis we study the interaction of electromagnetic waves with transversely
bounded, active, periodic structures which can be used for DFB lasers. We study the
coupling between different guided modes and take into account their “effective” gain. The
lasing threshold gain and the longitudinal field distribution are derived and discussed for a
number of different laser configurations. Specifically, thin-film lasers, diffuse lasers, fiber
lasers, and capillary lasers with inhomogeneous cladding (fig 3.1) are considered and it is
shown that there are optimum designs for which the gain required for self-sustained
oscillation is at a minimum. Periodic index and surface perturbation distributed feedback
are covered. Finally we discuss the applications of the above structures and, more generally,
of the DFB concept in the fields of planar integrated optics, optic fiber communication,
high-power lasers, UV lasers, and possibly X-ray lasers.

To avoid excessive mathematical derivations, we limit our study to the case of TE
waves for both planar and circular configurations; however, the approach is directly applica-
ble to TM, E, and EH modes. An e-iwt time dependence is assumed.

THRESHOLD AND LONGITUDINAL FIELD DISTRIBUTION

In principle, a periodic structure supports an infinite number of space harmonics.
However, for the case of small periodic perturbations, the coupled-mode theory can be
applied rear the Bragg frequencies where only the two phase-matched interacting waves have
signific.nt amplitudes. The first-order Bragg phase-matching condition for feedback is

dpthg=2n/A (3.1

where [vp and Bq are the longitudinal wave vectors of the coupled pth and qth modes, and A
is the period of the perturbation. Let Wpq be the corresponding frequency.

If the operating frequency w is very close to Wpq (w= wpq t Aw), then the coupled-
wave equations for the forward pth mode wave

if,.z

p
Fp (2)e
and backward qth mode wave

if 2z
B, (z)e 4

are:

de . .
+ = - (Cpg + IABp) Fp =iXpq Bq 3.2)
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Figure 3.1. Bounded DFB laser structures studied. (a) Thin-film DFB laser with a periodic guide index.
(b) Thin-film DFB laser with a periodic substrate index. (¢) Thin-film DFB laser with a periodic surface
corrugation. The cases of one-boundary and both-boundaries corrugation were considered. (d) DFB
fiber laser. The upper configuration can be geuerated by particle beam machining of a fiber. The lower
configuration is harder to achieve: however, it can be treated analytically and is equivalent to the upper
one (see text). (e) Diffuse DFB laser. The distributed feedback can be generated by corrugating the
surface, and guiding is achieved because of the inhomogeneity. (f) Diffuse capillary DFB laser. Only
the planar structure is considered.

and
dB

__(I_ N 'y H =‘ : ‘,
T - (Cyet 08 By = ixpq Fp - (3.2)

where C.. and C,, are the gain etficiency coefficients (C,,. C, < 1. g is the medium gain (see
Gain liflli)cicncy?‘ocfl’icicnl). Xpqg is the coupling coeflicient which takes into account the

transverse phase matching (see “oupling Coelficient). and Aﬁp and Aﬁq are related to Aw
by

BBp
ABp = \Ilp Aw -E:o— Aw
w
and P (3.3)
— _ aﬁ‘l
A -V I
“pq

where \bp and y’/q are inversely proportional to the stopes of the Brittouin diagram (group
velocity) ol the unperturbed guide at wpg-




The general solution of the coupled-wave equation (3.2) is of the form:

Fp £ (l e¥Z + f2 07'2
By=b) e?+byeY? (3.4)

and. as the DFB laser is self-oscillating, the following boundary conditions, in the case of no
end reflections, must be satisfied:
Fp (- L/2)=Bq(L/2)=0 \ 3.9

where L is the laser length. Replacing Fp and By in equation (3.2) by their expressions in
(3.4) and using the boundary conditions (3.5), we find:

C,-C Vo =V
Pq+iP |

U Eateg 57— Aw
Y.
. (Cp«;ngpr;wq Aw)z +x2 2 , (3.6)
7;7'=tiqu sinh -7——21' L 3.7
Fp =2 sinh[-%ll (u%)] exp("‘;"' 2 7;7' L) , (3.8)
and
By =t 2f) sinh[7—27' (z--Lz-)]exp(";" z- 7;"' L) . (3.9)

Equations (3.6) and (3.7) relate the coupling coefficient, threshold gain, and laser length.
Equations (3.8) and (3.9) give the longitudinal field distribution. We remark that:

Va
At C.+C w +w 2
' €5 =€ Vo=V
.7’2“_7=S= P2 - P2 1aw . (3.11)

In the case of coupling between two identical modes (p=q), we get ¥' =~y and

. %3
y= [(Cpg+|prw)2+xgq] .
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We remark that the threshold condition (3.7) in the case of p # q depends on
Cp + Cq

E)

-

and
Vp* Vg
3

-

Aw.

However, this is not true for the tongitudinat field distribution, which is proportional to:

L]
1(2) = [Fp (2)+ By (z)] [Fp (2) + B, (z)]

= A cosh [((‘p —(‘q)g 7] ‘ |sinh (L'u + D l:—')|_

"
+ |sinh (I)z-D{‘)I'} (3.12)

where A is a normatized parameter which is a function of the transverse (or radial)
coordinate.

Both the p and q modes are excited in the forward and backward directions. Thus,
usually there are two independent sets of coupled waves: forward p coupled to a backward
q. and a backward p coupled to a forward q.

The solution for equation (2.7) is multivalued, teading to different longitudinat
modes. These modes correspond to .he laser spectrum. As will be scen later, the first
longitudinal mode does not oscitlate exactly at the Bragg frequency because the reflected
wave is sh:fted by #/2 relative to the original wave, and the double-reflected wave is out of
phase with the original one.

COUPLING COEFFICIENT

The coupling coefficient Xpq can be derived by solving exactly the wave equation
and taking into account all the space harmonics. However, in the case of a small periodic
disturbance. a simple perturbation method gives the same results as the exact solution.

Consider a guided wave propagating in the unperturbed guide. The normalized
electric field can be expressed in the fonn

E(x.2) = u(x) exp (ifz) . (3.13)

where u(x) is the transverse distribution, which is completely determined by the guide con-
figuration and the transverse wave vectors in the guide s and the cladding (or substrate) 6.
The wave vectors 3. s. and 8 are related to the operating frequency by the dispersion relations
for the appropriate waveguide. Lete). €2 be the relative dizlectric constants of the guide
and the cladding. and 2W the width (or diameter) of the guide. The dispersion relations
usually have many solutions which correspond to the different guided modes.
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1f any of the parameters € |, €3, or w is periodically perturbed so that
(€).€9. W)= (€], €7, W) [ +ncos (2mz/A)] (3.14)

with 7. << 1, then a pth mode wave
18,7
up (X)e b

would generate a displacement current J . or surface current J, of different longitudinal wave
vector:

€) up(x) ‘
|ﬁpz 2n
Jc.s~’7 € up(x) ¢ cos —Az

w up(w)

n 2
(ot 2 ifop-20)
~c(p A 4 e NP A (3.15)

Any of the two components of the perturbation current could be longitudinally phased
matched with, and therefore be a source current for, a backward mode q which satisfies the
condition

Bpt By =2n/A (3.10)

The (4) sign corresponds to contradirectional (or feedback) coupling and the (<) sign corre-
sponds to the codirectional coupling. Only the feedback case is coasidered in the rest of
this discussion.

Due to the presence of the source current, the wave vectors s, 8, and g will be per-
turbed and have to be written ass’ = s+ As, 8 =8 + A8, and ' =8 + AB. Solving for AQ.
we get the coupling coefficient

Xpq = 1lmag (AR)

It should be emphasized that the presence of boundaries and guided modes has a drastic
cffect on the coupling coefficient (see Numerical Results and Applications).

The above approach is valid for € and n complex, thus toth index perturbation and
gain perturbation are covered.

GAIN EFFICIENCY COEFFICIENT

If the guide or the cladding is an active medium of gain ccefficient g, the effective
gain coefficient will then be equal to Cg with C < 1. This is because the optical energy is
never completely confined to the guide or the cladding. The coefficient C can be deter-
mined by taking complex dielectric constants and solving the dispersion relations for g3,
which is now complex. In the case of low gain, a first-order Taylor expansion gives:

F
C=e|l/2(k/ﬁ) -I—-O-—F (3.17)

31




for an active guide and

F
C =€ (kIp) —— (3.18)
= I #F

Tor an active cladding, where
+
=8 (+sdiids (3.19)
s h+ 6 dh/dé
In the case of an active stab or fiber (TE mode) guide, the coefticient can be deter-
mined from simple physical reasoning as

P
C= — . (3.20)

> A
IO+PI Cos9

where i’i and Py are, respectively. the power inside and outside the guide, and ¢ is the angle
between the optical ray and the z-axis. Both equations (3.19) and (3.20) give the saine value
for C. A number of plots for different cases are given in figure 2.

HIGHER-ORDER INTERACTIONS
High-order Bragg coupling can also be used for feedback. In this case the phase-
matching condition is:

Bp+Bq=nZ1r/A . (3.21

where nis an integer . This could be achieved in two ditferent ways.

If the perturbation is not sinusoidal but a periodic function which can be written in a
Fourier series form, then the nth component can be used for phase-matched coupling and all
the results of this discussion are valid with i replaced by the nth Fourier coefficient.

Ever if the perturbation is sinusoidal, higher-order coupling exists, However, in this
case the coupling coefficient is proportional to

p— (3.22)

NUMERICAL RESULTS AND APPLICATIONS

All four configurations shown in figure 3.1 were studied in detail. In the case of a
thin slab. we considered the distributed feedback due to index sinusoidal periodicity in the
k guide and the substrate, and for all four configurations we considered the case of sinusoidal
houndary perturbation. The major characteristics of interest are: (1) the threshold gain
curves as a function of operating wavelength Tor different longitudinal modes. (2) the
longitudinal-modes spectrum, and (3) the longitudinal-licld distribution. We first discuss
the behavior of the gain coefticient and coupling coetficient. We then discuss in detail the
thin-Tilm case and finally present in a more condensed way the properties of the other
structures with emphasis on practical applications. For simiplicity., in the following discus-
qion all the structures are divided into two regions: In the case of iigures 3.16) and 3.1(b).
the central region will be called “guide™ and the outside rzgion “claading”” In the case of
ligure 3.1tc), the lower hall space will be called “guide’ and the upper region “cladding.”




GAIN EFFICIENCY
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Figure 3.2. Gain efficiency coefficient. (a) Case of a thin film with active guide or substrate. (b) Case of
a diffuse guide with aciive homogeneous or inhomogenecous half space.

In the case of figure 3.1(d), the central region will be called “*channel™ and the outer region
“guide . This notation is so arranged that at high frequency all the energy is in the “guide”
region. This is evident in the case of the slab and the fiber. In the case of the inhomogeneous
structures the energy tends to concentrate in the high-index region next to the boundary

but still in the “guide™ region.




GAIN AND COUPLING COEFFICIENTS

The simplest characteristic that could be generalized is the behavior of the gain
coefficient Cq. In the case of an active guide, Cq increases from a value b < 1 to 1 as the
frequercy increases away from cut-off, because more energy is concentrated into the guide.
Only in the case of the slab and the fiber. b =0. In the case of an active cladding or
channel. C decreases from b to O as the frequency increases. b’ = | for the slab and fiber.
and b’ < 1 in the two other cases. This behavior is clearly seen in figure 3.2.

In the case of a slab with guide index periodicity, the coupling starts at zero near
cut-off, because most of the energy is in the substrate, and then increases with the frequency.
If the coupled modes are identical, this coefficient levels off when almost all the energy is
inside the guide. However, if the coupled modes are not identical, the coupling coefficient
reach.s a peak and then soes to zero, because the overlap integral vanishes at high frequency
(the distributions inside the guide are orthogonal). This behavior is clearly seen in figures
3.3(a) and 3.3(b). This type of periodic str:ciure coi.ples only modes of the same symmetry
(even-even or odd-odd).

In the case of a slab with a substrate periodic index, the coupling starts at zero,
increases to a maximum, then drops down to zero when most of the energy is confined
inside the guide (figs 3.3(a) and 3.3(b).

In the case of surface corrugations, the coupling is small near cut-off because most of
the energy is spread in the cladding. At first, the coupling increases with the frequency. In
the case of the slab and fiber (fig 3.3) it reaches a maximum then falls off, because the
energy concentrates into the guide and the field at the surface becomes very small. In the
case of the diffuse guide, the energy tends to concentrate into the high-index region which
is next to the perturbed boundary and the coupling continues to increase. At very high
frequencies, nw becomes > \, and our theory is no longer valid. This behavior is clearly
seen in figure 3.3. A symmetric surface corrugation will couple only even-even modes or
odd-odd. An antisymmetric corrugation would couple on'y even-odd modes. 1f only one
boundary is corrugated, then all ty pes of coupling are possible. In this last case, the value
of 1 has to be doubled in the figures.

SLAB WAVEGUIDE DFB LASER GAIN

In figures 3.4-3.6 we plotted the threshold gain GL required for oscillation and the
wave-vector mismatch as a function of the operating wavelength for a number of cases and
for different longitudinal modes. Some of these curves show that there are optimum regions
where the gain is at a minimum. These regions would correspond to an optimum design.

To illustrate. let us consider the case of a surface corrugated DFB laser with gain in the
guide and 0-0 mode coupling (fig 3.6(a)). For A = 09 um,2w=1.2 um, L =1 mm, and
n=15X 10-2, the threshold gain coefficients for the first three longitudinal modes are,
respectively:

G = .’.Ocm'I .

Gy =27em™!

and

Gy=30em™! . 3

o
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If we consider the 0-1 modes coupling (adequately change the grating period), the threshold
gain coefficients drop down to

GI =12 cm‘l
02 =20cm™!

and

G3=25 em™!
For the 0-2 modes coupling, the threshold gains are even lower. These gains are well within
the limit of available active materials (semiconductors, dye).

It is clear from the curves in figures 3.4 3.6 that the sclection of the DFFB laser
parameter is critical.

In figure 3.7 we plotted the longitudinal intensity distribution in the case of 0-0 and
0-1 coupling in a surtace corrugated guide at different frequencies. We remark that the

intensity varies appreciably as a function of z, suggesting the fact that, in the case of relatively

high-power lasers. where saturation plays a role, the ficld distribution ha: to be accounted
forin the original coupled equations leading to a nonlinear system of equations.

FIBER DFB LASER

The configuration for a fiber DFB laser that we considered is the one shown in fig-
ure 3.1(d). The upper configuration can be achieved by particle 2 machining or other
techniques. For angularly symmetric TE modes, this configuration is equivalent to the
lower configuration, which has a groove depth equal to

nw = _71' ('5'\; ) N

which can be derived by Fourier series expansion.

In figures 3.8 and 3.9 we plotted the threshold gain and field distribution for a fiber
DFB lascr. The general behavior is similar to the case of a slab. To illustrate, let us consider
the case where d/2w=0.01, 9= 61074, L/w = 6600, and A/w = 1.2, For X =1 um, this
corresponds tow = 0.83 um, d = 0.016 pm, and L = 5.5 mm. The corresponding threshold
gain for the 0-0 mode coupling is (fig 3.8(a)):

GL = 3 = total gain = 25 dB

for the first longitudinal mode. This gain can be achieved with many active materials (for
instance, dye or ncodymium doping). A larger value of d/2w would lead to even lower
threshold gain.

Such a laser could be used as the light souree in an optical network system, thus
diminishing the need of coupling trom a planar source to a circular guide.

DIFFUSIE: AND CHANNEL DFB LASER

In figure 3.9 we plotted the threshold gain for the diffuse guide and channel guide for

a number of cases. The diffuse guide is attractive because it is very simple to implement.
The channel gnide can be used in capillary gas lasers with the advantage that the cladding
inhomogeneity allows waveguiding. However, it has the disadvantage that the active medium
interacts with the evanescent wave only.
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Figure 3.7. Field distribution along a thin-film DFB laser with surface corrugations. (a) Distrivution for different
longitudinal spectra for 0-0 mode coupling. (b) Distribution for the first longitudinal spectrum but for different-
modes fuedback coupling.
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4. LINEAR WAVEGUIDE AND HORN-SHAPED COUPLING STRUCTURES

Efficient transfer of energy from integrated optical circuits to fiber transmission
lines can be achieved by employing special transition fibers to provide the necessary geo-
metric and optical properties for efficient coupling between the structures, Figure 4.1
illustrates the coupling concept. A series of transition fibers that couple external fiber lines
to individual waveguides in an integrated optical circuit (10C) is shown. Interwaveguide
switches and/or modulators are contained within the I0C. For purposes of optimizing band-
width and power consumption properties, the waveguides are as thin and narrow as possible
and may be expected to be fabricated of high-refractive-index materials.

A transition fiber is mounted to cach output waveguide. The mounting, which may
be accomplished for all the waveguides in a single step. is performed under controlled condi-
tions and may be considered a part of the fabrication of the overall integrated optical circuit.
The other end of the transition fiber is connected to an external fiber transmission line. This
connection process must be capable of being accomplished in the field. By physically sep-
arating the transition fibers at the transmission fiber end, coupling adjustment jigs may be
used to aid in affixing the fibers. The use of end coupling to optically connect the fibers
appears to be the most attractive coupling method from the point of view of minimal
processing of the transmission fiber. To accomplish end coupling with high efficiency. the
geometric and refractive index properties of the fiber ends must be matched.

With the method of coupling between the transition and transmission fibers estab-
lished, there remain two conceptual problems. One concerns coupling between the inte-
grated optical waveguide and the transition fiber and the other concerns a method for pro-
viding a circular output geometry compatible with the transmission line. Because of
geometric and refractive index mismatches. distributed coupling schemes appear the most
useful method for achieving waveguide to transition fiber coupling. Distributed coupling
can be obtained by fabricating the transition fiber as an externally mounted waveguide
of rectangular cross section in the manner indicated in figure 4.2. The coupling itself is
obtained by placing a periodic or other layer on the transition fiber and clamping the tran-
sition fiber to the waveguide as indicated in figure 4.3,

The externally mounted fiber in figure 4.2 has a rectangular cross section at one end.
The cross section gradually changes to circular at the other end. The figure is intended to
be symbolic, since such a cross-sectional change would be difficult to fabricate. Geometric
conversion to a circular output can be zchieved in waveguides wide enough to be multimode
with the use of lensing or, to some extent, with shaping methods employing material depo-
sition. An alternative technique for providing a circular output is to use a second transition
fiber of circular cross section that is optically coupled to the rectaneular fiber. Both fibers
may be drawn on the same support fiber or they may be drawn separately and clamped to-
gether. The addition of a second transition fiber can only be justified if the insertion loss of
the couphing region is low and if mounting a single circular or nearly-circular transition fiber
of small diameter to a waveguide is found to be excessively difficult. bt is expected that the
transition fibers will exhibit low-scattering-loss propertics and that high efficiency can be
obtained with distributed couplers.

TRANSITION FIBERS

Externally supported glass structures have been investigated as transition fibers.
These fibers consist of a rectangular glass section drawn on top of a larger rectangular sup-
port fiber which is of lower refractive index. In this configuration the supported fiber is
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Figure 4.1. Use of iransition fibers in optical communications systems.
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Figure 4.2. Transition fiber to integrated optical waveguide interconnect geometry.
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capable of ginding optical waves. 1t has the major advantage over cylind rically clad fibers
that on the unsupported side the guided fields can be readily accessed to allow a variety of
distributed coupling techniques to be employed.

Preliminary structures of this type have been fabricated by hand-drawing to a fength
ol several feet. Typical structures consist of a 17 by 6 um fiber on a 350 by 70 pm support
liber. These were produced by a two-stage process: a 3 by | mm scribed portion of i Corn-
ing 7059 borosilicate glass microscope slide ol refractive index np = 1.53 was lirst drawn
down te approximately 250 um by 90 pim: a small length of this fiber was then placed on a
5 by I mm scribed Corning 2947 soda lime slide (npy = 1.51) and the composite structure
drawn down. A propane flame was used Tor heating. In the second drawing process, the
flame was applied to the back of the substrate in order to prevent distortion of the guiding
fiber prior to softening of the substrate. Cross-sectional views of mirror-like fractures of the
fibers indicate that a rectangular shape is maintained in the guide with slight rounding of the
upper edges.

Guided modes have been launched in the externally mounted fibers by end launching
using a focused 633-nm He-Ne laser beam. To obviate the requirement for a polished per-
pendicular end to the fiber in order to obtain high input coupling efficiency, the fiber end
was contacted to a vertical glass slide by means of an index-matching oil (fig 4.4).

DESIGN OF DISTRIBUTED COUPLING STRUCTURES

Two aspects of the design of distributed coupling structures have been studied : the
first concerns minimizing the effect of uncertainties and variations in parmneter values on
coupler performance. and the second concerns optimizing the parameters when their values
can be accurately controlled. Achieving an effective coupler in a minimum length is an ex-
ample of the design objective.

For the case of coupling between two modes, there is one coupler design which is
usetul in reducing the tolerance requirements on the propagation constants. This model has
the propagation constants, k(z), varying lincarly in z but in opposite sense for the two guides.
A constant coupling coefficient is ussumed. At some z the two k(z) will be equal and phase
match will oceur over a limited region. When the actual values for k(z) differ from the de-
sign values for the coupler. pliase match will still oceur, but the location of this region will
be changed.

This model is amenable to analytic solutions, for the resulting second-order differen-
tial equations Tor the mode amplitudes take on the form of classical equations for parabolic
cylinder functions.

The analytic solutions to this coupling problem were examined to evaluate the effect
of coupling coefficient and rate of change in k(z) on the coupling efficiency and necessiary
length of the coupler.

The functional rute of change in k(z) can be described by a parameter which is intro-
duced by writing for thie two modes:

k|(7) = ko“ +,\z),k2(7) = ko(l -A2) . 4.1

Significant phase mateh occurs near 2= 0. and over a distance inversely proportional to A. A
constant coupling coefticient C is assumed, [C] <<Z k. The resulting solution can be ex-
pressed formally in terms of parabolic cylinder functions of noninteger complex order and
of complex argument. No tables exist for these forms, but power series expansions and
asymptotic Torms are available it numerical results are needed.

45




SUPPORTING

FIBER
SUBSTRATE \
GUIDE
\ r

]. EXTERNAL

/ GUIDING
FIBER

VARIABLE-PERIOD
PEAIODIC COUPLING
FEG'ON

-
—

S

~~ TAPE RED PROPAGATION
CONSTANT COUPLING
REGION

Figure 4.3. Variable-period periodic coupling as a distributed coupling scheme.

MICROSCOPE
OBJECTIVE

GUIDING FIBER\

SUPPORTING —”/

FIBER

INDE X
GLASS
MATCHING
b SLIDE

OiL

Figure 4.4. Arrangement used to launch waves on an externally mounted fiber.




The solutions are found to depend on C and A only through a dimensionless param-
eter, v, which can be defined as:

v = Cvk, = Lierkg)? gy | (4.2)

1 Jo

The independent argument for the solutions is z times a scale factor which depends only on
Y. This dimensionless argument can be written as

X = (2‘yk0)l/2 7 (4.3)

SO (Z‘yko)"/2 Is a scale parameter (in the same units as z). This parameter sets the scale, in
z, over which power exchanges between modes, and will determine the necessary length of
couplers (in contrast to synchronous couplers whose length depends, critically, on C only).

Beyond the region of phase match there is little coupling between modes. and the
power in each is constant. In this region asymptotic formulae (power series in l/xz) are
available to describe the mode amplitudes: the condition for validity for these is:

B

n

. a}
X 3‘7](022 >> ly-+ 4l| > . (4.4)
For the case of all the power initially in one mode (say, Pyf-oo] = |, Pa[-oc] = 0), then the
zero-order asy mptotic forms for *z, neglecting terms in 1/x<, are
-ny /I_e-27w
X

=2 e . R)
Py = ™= 4 sin (x=/2)

and

R (AL )
P, > (l-e=2mv)_ 2¢ e snx22) | (4.5)
F X

Thus, the net power coupled between modes depends exponentially on v and there is an
oscillatory exch inge of power which decays as 1/x. Beyond, say, x = 10, the power in each
mode will be constant.

With these results it is now possible to say, for example, that it C and v are such that
v=0.11, then the power will be equally divided between modes. Also, 4 95% efficiency in
coupling to the second mode will occur forv = 0.5, which requires (y/kg) = (C/ko)z. The
efficiency will not depend on length of the coupler provided it is greater than some value.

In general, the length will need to be many (say. up to 10) times the length of a synchronous
coupler for the same value of C. These results agree closely with the graph shown by Jones,
but the results of Wilson and Teh appear to show considerably higher efficiency for the same
parameter values. (The latter described the slope in k by a different choice of parameters,
which is somewhat ambiguous).
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5. MECHANICAL PROPERTIES OF GLASS FIBER WAVEGUIDES AND
FABRICATION OF SPECIAL WAVEGUIDE SHAPES

The fiber pulling machine was approximately completed 1 January and has been in
regular use since that time. The maximum length of fiber which can be wound on the draw-
ing drum is 500 meters. The production of lenger lengths. it required. will necessitate some
modification and installation of a take-up storage reel.

At present the maximum available furnace temperature is 1250°C. This is just
enough to permit drawing pyrex-tvpe (borosilicate) glasses.

Feasibility experiments were conducted to make single-mode fibers of silica
(n=1.4571) clad with vycor (ny = 1.4562). Some successtul trials were made pulling a rod
and tube preformed by hand in an oxyhydrogen torch. Fibers of 100-gm diameter with a
| - S-um core were produced. Previous experience has shown that structures which can be
pulled by hand in this way can also be pulled in the fiber drawing machine.

In general, these are exposed guides on supporting substrates, and the shapes
attempted to date have been rectangular (for example, 20 by S pm) guides or periodic
linear structures with about S-um spacing. The general approach is to make an appropriate
macroscopic structure and then elongate it with the fiber pulling machine while reducing
the cross-sectional dimensions.

For example, a 1-mm-thick by 5-n-m-wide by 80-mm-long strip of Corning 7059
(np = 1.53) was placed on a substrate of Corning 7740 (nyy = 1.47) which was 6 mm thick
by 20 mm wide and the same length. The two picces were heated to 1200°C and pulled
together to clongate the central section by a factor of 4 X 104, The result was a waveguide
of dimensions 5§ by 25-um on a substrate of dimensions 25 by 100-um. More than 50
ineters of this structure were produced in a single pull. A view of a fractured end of this
waveguide is shown in figure 5.1. A waveguide 10 by 100-um was pulled in a similar way
and is shown in figure 5.2.

A preform for a periodic linear structure was made by placing a row of saw cuts
part way through a thick substrate. The saw blade made a 0.25-mm-wide cut, and two
cuts per mm produced a regular array with 0.25-mm period. The channels shown in figure
5.3 are about 1 um wide and the glass spacers as¢ about 6 um wide. The reduction in cross
section expected from the drawing should have produced evenly spaced channels and
spacers which were 2.8 um wide. It isapparent from figure 5.3 that the glass has tended
to decrease its height and spread into the channels as a result of flow under surface tension
forces during pulling. With suitable adjustments to the relative sizes of the saw cuts and
spacers in the preform, a structure witha uniform period of less than 5 um could be
produced.
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Figure 5.1, Cross section of externally mounted S-by-25-pm rectangular wavegmde (1:00X).

I'——.I 10 um

Figuie 5.2, Cross section of externally mounted 10by-100-u1n rectangular waveguide (1300X).
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Figure 5.3. Cross section of the drawn structure from a glass slide with row of saw cuts (1300X).
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6. POWER REQUIREMENTS FOR FABRICATION OF OPTICAL
! WAVEGUIDES BY CW LASER HEATING

Practical application of integrated optics devices depends to a large extent on the
development of convenient methods for producing single-mode channel waveguides which
confine a beam in two dimensions.

A major problem in the fabrication of channel waveguides lies in the size of the
groove and in its dimensional tolerance. The width of a single-mode waveguide must be of
the order of A, and wall roughness must be less than a tenth of A to minimize losses. A new
technique has been dev2loped for fabricating very narrow channel optical waveguides.
These waveguides overcome this problem. This method allows fabrication of waveguide
structures in both passive and clectrooptic diclectric substrates.

Originally, the grooves produced by the cw laser beam were filled with a liquid
whicli had a higher index of refraction than that of the filter glass. Waveguiding was ob-
served in the grooves. Howeve:, these experiments were discontinued after strong wave-
guiding was observed under the grooves without any filling.

WAVEGUIDE FABRICATION

The apparatus for fabricating the waveguides is illustrated in figure 6.1. The 488-nm
line of a Spectra Physics Model 164 argon ion cw laser is focused with a 20-power Bausch
and Lomb microscopic objective on the surface of a I-mm-thick glass filter. In most of the
experiments, a 2 by 1/4-inch piece of OG 550 JENA color filter was used. The color filter
glass was obtaiized from Fish-Schurmax Corp. Probably. OG 530 could also have been used.
Grooves were also produced on OB 570, OG 590, RG 610, and RG 630. However. the
RG 630 started to absorb the 632.8-nm line of the He-Ne ew laser which was employed for

1 the waveguiding experiments. All these filters stronglv absorb the 488-nm lLine.

] The color filter was mounted on ar assembly which consisted of three translation
stages to provide precision motion in the X, Y, and Z directions. The X and Y stages al-
lowed movement perpendicular to the focused laser beam. The Z direction was used for
focusing.

GROOVES
~=—-TRANSLATION STAGE Y

COLOR GLASS!

MICROSCOPIC OBJECTIVE

() CW LASER -T_ n_'

Figure 6.1. Expenmenial arrangemeni. The sample 1s mounted on an assembly consisting of three transa-
tion stages for movement in the X, Y, and Z directions. Only the Y-direction translation stage is shown,
As this stage is moved up or down. arrays of paralle] grooves are produced on the sample.
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Straight grooves were produced by moving the colored glass at constant speed in the
X direction. This was accomplished by connecting the differential screw of the X tage toa
variable-speed electric motor with the aid of a flexible cable. One motor could be yaried in
speed between 0 and 17 r/min, resulting in a sample speed from 0 to 270 pm/sec. The other
motor operated between 0 and 96 r/min, which corresponded to a sample speed from 0 to
1700 um/sec.

The Y trans!ation stage was a precision stage obtained from Lansing. It allowed
moving the color filte. up or down to fabricate parallel grooves and had an acenracy of
0.13 um/div. One could aiso attach an electric motor to this stage as in the Y stage. This
would make it possible to fabricate bends and related structures.

Proper focusing of the laser beam on the surface of the sample for writing small
grooves presented a major problem. Rough focusing was present when maximum reflec-
tion of laser light was observed from the surface of the sample. This area covered a range
of about 3 um. Fine focusing had to be ¢ ccomplished by trial and error. The smallest
grooves produced were about d = 2 pm wide. However, these grooves could be produced
only with very close focusing, which was rarely achieved. Often, only the beginning or end
of the narrow groove wetld show up on the sample. In addition, because of the low resoltu-
tion of conventional mi :roscopes, the width of these grooves could not be measured exact-
ly. The waveguiding properties of the 2-um-wide grooves were not good. However, grooves
wider than 3 pm, possessing very good waveguiding qualities, could consistently be
produced.

To observe waveguiding, an experimental sctup was employed consisting of a 1.5-mW
He-Ne cw laser, two microscopic objectives mounted as translation stages for input/output
coupling, and an observation microscope. One microscopic objective coupled the laser light
into the guide in an end-fire configuration and the second projected the near-ficld pattern of
the end of the waveguide onto a white screen.

Finally, waveguides with corrugations (periodically varying thickness) can be fabri-
cated by the partial insertion into the laser beam of a mechanical chopper.

WAVEGUIDING OF A SINGLE GROOVE

Figure 6.2 presents a photograph of a side view of a groove about 4 um wide, pro-
duced by about 320-mW power at a sample speed of 0.5 mm/sec (fig 6.2(a)). The pattern
of the guided helhum-neon cw laser beam (633 nm) is shown in figure 6.2(b).

When the guiding groove is viewed from the top with the aid of a microscope, no
scattered light line is observable. This indicates that scattering losses are low. The low-loss
property of these grooves — indicating smooth edges — is not surprising, because of their
thermal origin.

Figure 6.3 shows a photograph of the end view of some grooves. Several interesting
observations can be made: (1) The grooves have no surface ridges, suggestins, that material
has disappeared. This leads to the conclusion that the temperature created at the focal
point due to the st -ng absorption by the glass filter is sufficiently high tu evaporate some
of the glass. (2) Arcund the grooves, especially under them, a considerable change in shade
is evident. This indicates a change in the index of refraction of the glass in this arca. Ob-
viously, the occurrence of optical waveguiding in this region indicates that the index of re-
fraction has increased. Heat generates strain in most glasses, and this strain must lead to
the change of refractive index. The type of filter color glass employed in these experiments
obtains its color from dissolved metal oxides. The high temperature created at the focal
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point of the laser might also cause some composition changes in the glass, which could con-
tribute also to the change in refractive index. Finally, the high electric fields present at the
laser focal point could also have a polarization effect, which would also cause changes in re-
fractive index. (3) The grooves are rather deep with respect to their width.

PARAMETERS WHICH DETERMINE GROOVE SIZE

To determine the relationships between laser power applied, groove size, speed of
sample, and efficiency of waveguiding, several experiments were performed. The results ob-
tained need the additional precision of electron Microscopy to measure groove width, d,
accurately. The conventional microscope used in the experiments reported here allowed a
determination of groove width to +0.2-um. Figure 6.4 presents groove width as a function
of laser power applied at constant translation speed. The power of the beam was measured

. with a meter positioned inside the laser. However, the power values shown in figure 6.4
are high. The laser beam, after passing through the spatial filter and the microscopic objec-
tive, could have lost about 25% of its original value.

From figure 6.4 it is apparent that the relation between applied power P and d for a
certain speed v is a linear one:

P=md+P, . (6.1)

At different speeds, one obtains straight lines passing through the same point P,.

P = mvd+P, . (6.2)

| |
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Figure 6.4. Plot of groove size d (um) as a function of applied power P (mW) at four different
translation speeds v (um/sec).
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This simple relation is difficult to understand. It would suggest that the same mini-
mum power P, is always required before a groove is produced, independent of translation
rate v. Any power applied above P, evaporates some of the material producing a groove.
P, represents power losses due to reflection of the laser light from the surface of the sample
plus losses from heat convection. The losses resulting from reflection should be more or
less independent of translation speed v. However, power losses from heat convection should
be dependent on speed v. Possibly, losses from heat convection are small.

The slope m(v) does not change much, even if the speed is changed over a wide range.
This may suggest that the slope m(v) depends logarithmically on the speed v. Figure 6.5
seems to confirm this assumption. Indeed, plotting the speed v on a logarithmic scale as a
function of the slope m yields a straight line. Consequently:

P=alogvd+P, . (6.3(a))

§ Vipmisec) —e=—
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Figure 6.5. Plot of the four different slopes mj (®), mj (O). m3 (@), and
my (@) as funciions of the different 1ranslation speeds v.

56 1




It was felt that the validity of relation (6.3(a)) should be tested further, because it
rests on only four points (slopes m). A large number of grooves were produced at constant
power (P = 320 mW) but at many different speeds. P = constant implies:

P-P, =alogvd (6.3(b))

or,

d=-Mlogv+N . (6.4)

This equation is indeed confirmed by the experiments. Groove size plotted as a loga-
rithmic function of speed (fig 6.6) yields a straight line with negative slope.

¥

E
-
-

O
O
100 p— U
O
. | | | | I |
a5 40 45 50 55 60 65
dl i) ———

Figure 6.6. Plot of groove size d (um) as a function of translation speed v
(um/sec). v is presented on a logarithmic scale. All grooves were written
with the same power (P = 320 mW).
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WAVEGUIDING PROPERTIES

Of more importance than the above relations between cw laser power applied. speed
of writing. and groove size, are the waveguiding properties of the grooves. For example, one
would like to know how applied power, translation rate, and waveguiding properties are
interrelated. To obtain information on some of these questions, several grooves were fabri-
cated at constant power (P = 320 mW) but at different speeds v (translation rates).

Two sets of grooves were fabricated at the same power ard translation speeds. To
measure the intensity of the guided light (relative power out). the second microscopic
objective was adjusted to project the collected light of the chopped laser light on a PIN
diode. The relative power out was recorded with the aid o\ a lock-in amplifier. Maintaining
constant input coupling into each of the two different sets was difficult. In order to obtain
comparable results, the sample must be moved exactly perpendicularly to the focused laser
beam. The amount of relative power out also depends critically on the focusing itself and
at what point under the groove the light is focused. Although it was not possible to find the
exact alignment which would have produced the same power out for the two different sets
of grooves produced, the experimental results presented in figure 6.7 are informative. Good

RELATIVE POWER OUT —==

0 ke L i L

1 1 L I
200 400 600 800 1000 1200 1400 1600

TRANSLATION RATE v(um/sec) —e

Figure 6.7. Relalive power out of optical waveguides (grooves) fabricated
at different 1ranslation rates v (am/sec) but 1he same power (P = 320 mW).
The figure shows measurements on 1wo identical sets.
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waveguiding seems to be present over an exceptionilly wide range of transltational speeds
(from 100 to 1600 um/sec). Although this amount of relative power out decreases steadily
with increasing speed, this does not necesserily imply that the waveguiding quality of the
grooves gets poorer. With increasing speed, the grooves become narrower, which means
that the guiding area would also become smaller, resulting in a simpler mode structure of
the guided light. However, with smaller guiding area, the difficulty of coupling light
efficiently into the waveguides also increases. This may explain the small decline of relative
power out with larger speeds. No electric motor was available which could be driven at
translation speeds greater than 1600 pm/sec. The highest translation speed employed

(1.6 mm/sec) is actually very high. Consequently, grooves with good guiding properties can
be fabricated at fast translation rates. This fact should be significant for mass productios
of ¢h 'anel waveguides and derived structures by the method described in this article.

FREQUENCY-SELECTIVE WAVEGUIDES

Waveguides with periodically varying thickness should be frequency selective in their
waveguiding properties. 1f one employs a chopper having 16 plates which is driven by an
electric motor at 3000 r/min. and the sample moves at a transtation rate of v = 160 pm/sec.
periods as small as 0.2 pm can casily be obtained.

Figure 6.8 shows a photograph, obtained with the aid of a microscope. of a wave-
guide fabricated at v = 154 pm/sec, cutting off 3/16 inch of the 5/8-inch-wide laser beam.
The 16-plate chopper wis driven at 49 r/min.

An important problem in integrated optics circuitry is the coupling of guided light
from one waveguide into another. One solution to this problem may be to use a center wave-
guide and two paralle] waveguides. the waveguide on tie left side of the center waveguide
having a period of Xy /n and the one on the right a period of Aa/n. If the two waveguides
are positioned at the proper distance and have the proper length, frequency-selective coupling
between these channel waveguides should take place. i
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68 Wavegmde with penodic stinenn e the top wavegnide was prodiced withom

Fagare
chopper. Both grooves were Libneated with a power B0 320mW

wsertmg the mechameal
and 2 transtatson rate v = To0 pm see Hie wop groove is about d=Spmwide The
Fhe pentodas abont T pm

pertodic groove s abver S g e dchness an s wadest pant
and was produced wath a Foblade chopper. ottt abont 490 mm
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